In the absence of organic phosphates human hemoglobin A digested with carboxypeptidase A (des His,.Tyr ,8) has high ligand affinity, a greatly reduced Bohr effect, and no heme-heme interaction. Under these conditions, it shows the simple, homogeneous ligandbinding kinetics characteristic of noncooperative heme proteins in which the high combination velocity for both 02 and CO accounts, to a large extent, for the increased affinity for both these ligands.
affinity for both these ligands.
Addition of inositol hexaphosphate dramatically alters the functional properties of this digested hemoglobin. The Bohr effect is greatly increased, and at neutral pH the protein shows significant, though still reduced, hemeheme interaction, together with a 5-fold decrease in affinity. In the presence of saturating amounts of the organic phosphate, the value of n is pH dependent, dropping from 1.9 at pH 5.8 to 1.3 at pH 8.6. After inositol hexaphosphate addition, the combination of the deoxy form of the digested hemoglobin with CO is 10-times slower than that observed in the absence of the inorganic phosphate; also the combination with CO after flash photolysis is biphasic and is similar, in many respects, to that observed for unmodified hemoglobin. Besides these functional changes, addition of inositol hexaphosphate to the modified deoxyhemoglobin results in an increase in the extinction coefficient at 430 nm similar to that observed on mixing the isolated a and # chains of normal hemoglobin. The results are consistent with the idea that inositol hexaphosphate shifts an equilibrium between high-and lowaffinity forms of the protein.
Understanding regulatory phenomena in biological systems is one of the fundamental objectives of molecular biology. In the past few years it has become clear that control of enzymatic activity is often accomplished by means of conformational changes, and several allosteric models have been proposed to explain the role of such changes in determining the functional behavior of proteins. The results presented here are relevant to the problem of how conformational changes in hemoglobin, a prototype of an allosteric protein, can affect its functional properties.
Digestion of human hemoglobin A by carboxypeptidase A removes the C-terminal residues of the # chains (histidine 146
and tyrosine 145), with dramatic effects on the functional and structural properties of the molecule (1). The resulting hemoglobin, HbCPA, has a markedly reduced oxygen Bohr effect Abbreviations: HbCPA, hemoglobin A digested with carboxypeptidase A; IP6, inositolhexaphosphate; P2Glr, diphosphoglyceric acid; Bis-Tris, N,N-bis(2-hydroxyethyl)imino-tris(hydroxymethyl)methane.
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and the heme-heme interactions are abolished (1) . The large increase in ligand affinity, which makes HbCPA similar to the isolated chains, is independent of the nature of the ligand, the partition coefficient between oxygen and other ligands (e.g., CO) being similar to that of normal hemoglobin (2, 3) . Digestion with carboxypeptidase A also produces large changes in the redox equilibrium, the oxidation Bohr effect being reduced in the lower pH range, and heme-heme interaction being absent (4 (Sigma) in water, followed by conversion of the salt to the free acid with Dowex 50-X8 and neutralization of the acid with 4 N NaOH. Inositol hexaphosphate was prepared by dissolving the sodium salt of phytic acid (Sigma) in water and neutralizing the solution with concentrated phosphoric acid. Bis-Tris buffers were prepared by pH adjustment of 0.1 M N,N-bis(2-hydroxyethyl)-imino-tris(hydroxymethyl) methane (General Biochemicals) with 1 N HCl. Oxygen equilibria were performed by the spectrophotometric method of RossiFanelli and Antonini (7) . Oxygen kinetics by temperature jump were performed according to established procedures (8) .
Rapid mixing experiments were performed with a GibsonDurrum stopped-flow apparatus (9) and flash photolysis experiments were with an apparatus previously described (10) . Sodium dithionite (about 0.5%) was used to deoxygenate hemoglobin in kinetic experiments.
RESULTS
The HbCPA used in this work was judged to be pure on the following grounds: (a) amino-acid analysis showed that after the first digestion equal amounts of His and Tyr had been released. Only very small quantities of His and Tyr were released after further exposure to CPA, an indication that the reaction had gone to completion. (b) Starch gel electrophoresis of the digested material at pH 8.6 gave a single band, with the same mobility as HbA, as expected for des His Tyr Hb at this pH. (c) Isoelectric focusing of the digested Hb through a pH gradient from 6 to 8 gave a major band, with an isoelectric point of 6.95, and a very minor one (< 5%), probably corresponding to undigested HbA (isoelectric point 7.2). The functional behavior of HbCPA eluted from the electrofocusing column was, in all respects, identical to that of the material before electrofocusing. (d) Kinetic analysis provided further evidence of the purity of the preparation. Combination velocity measurements after flash photolysis in Bis-Tris gave no trace of the slow rate characteristic of unmodified hemoglobin.
Oxygen equilibria Hg at 300 and pH 7). The Bohr effect, although present, is only about 1/3 of its normal magnitude, as shown in Fig. 2 .
On addition of MPs, the affinity at neutral pH decreases (p1/2 = 1.85 mm Hg at 300 and pH 7), and the value of n becomes significantly greater than one near neutrality (n = 1.6), as shown in Fig. 1 . At the same time, the Bohr effect is increased (see Fig. 2 ), and indeed becomes similar in magnitude and position to that of unmodified hemoglobin as observed in inorganic phosphate (given by dashed lines in Fig. 2 ). It is, however, much smaller than that shown by HbA in the presence of IP6 (see Fig. 2 ). Fig. 3 shows the relationship between pH and n for HbCPA with and without IP6, as well as values of n for HbA with IP6. The experiments reported here were performed with saturating concentrations of IP6.
P2Glr in 10-fold excess over tetramer concentration also produces a decrease in the oxygen affinity of HbCPA (p1/2 = 0.81 at 300 and pH 7.2), without, however, affecting n, which remains equal to 1. This confirms previous results of Chanutin and Curnish (11) . In contrast to human Hb, mouse hemoglobin digested with carboxypeptidase A has been reported to be devoid of P2Glr effect (12) . (Table 1) .
On the other hand, in the presence of IP6 the recombination of HbCPA with CO after flash photolysis is biphasic, and, as in normal hemoglobin, the observed fraction of quickly reacting material increases with dilution of the protein and is dependent on the wavelength at which the observation is made (13) . This was confirmed by the occurrence of a spectral change in the Soret region upon mixing deoxy HbCPA in Bis-Tris with a solution containing IP6 (unpublished data).
Oxygen kinetics
In inorganic phosphate (0.2 M, pH 7), the dissociation of oxygen from HbCPA, as measured by the dithionite method, is a homogeneous process that follows first-order kinetics. The "off" constant is almost independent of pH and, contrary to what is observed with HbA (14), there is no effect of IP6 on the "off" constant at either pH 7 or 9 ( The x-ray work of Perutz and coworkers (17) has suggested a structural picture of the role played by the C-terminal residues of the ( chains in determining the functional properties of hemoglobin. In particular, there is evidence for the involvement of the C-terminal histidine (( 146) in the Bohr effect (18) and of the penultimate tyrosine ((3 145) in the homotropic interaction shown by hemoglobin (17) . The absence of hemeheme interaction of HbCPA in Bis-Tris may be correlated with the absence of the two penultimate tyrosines of the ( chains (17) . By stabilizing to a significant extent the lowaffinity conformation, otherwise essentially absent in HbCPA, IP6 thus provides the basis for the observed increase in n. To be sure, since evidence of the site or stoichiometry of 1P6 binding is lacking, no clear structural interpretation of this effect can be given. Nevertheless, apart from possible analogies with binding of organic phosphates to normal hemoglobin [ (17, 18) . Experiments on normal hemoglobin, however, suggest that IP6 may act indirectly to enhance the Bohr effect of HbCPA, just as it does in the case of unmodified hemoglobin (Fig. 2) . In either case the origin of the additional Bohr protons is uncertain. They might come either from the groups normally involved in the Bohr effect, from other residues that become oxygen-linked after IP6 is bound, or from IP6 itself. The evidence presently available indicates that in normal Hb the additional Bohr protons arise from both the a and the (3 chains of normal hemoglobin. As shown in Fig. 3 is supported by a grant from the U.S. National Science Foundation.
